Abstract. The purpose of the paper is to present technology applied for the global optimization of grillage-type pile foundations (further grillages). The goal of optimization is to obtain the optimal layout of pile placement in the grillages. The problem can be categorized as a topology optimization problem. The objective function is comprised of maximum reactive force emerging in a pile. The reactive force is minimized during the procedure of optimization during which variables enclose the positions of piles beneath connecting beams. Reactive forces in all piles are computed utilizing an original algorithm implemented in the Fortran programming language. The algorithm is integrated into the MatLab environment where the optimization procedure is executed utilizing a genetic algorithm. The article also describes technology enabling the integration of MatLab and Fortran environments. The authors seek to evaluate the quality of a solution to the problem analyzing experimental results obtained applying the proposed technology.
Introduction
The search for a global optimal solution is common and inseparable routine in engineering practice. The paper analyzes a particular civil engineering problem -the optimization of pile positions in grillage-type foundations (further grillages). Such foundations are composed of connective beams lying on supporting piles. The grillages are widely recognized as the most popular and efficient foundation design, particularly in the case of unstable soil. All generated load from the structure is distributed through connective beams to piles. The optimum grillage should meet dual criteria: the quantity of piles should be minimum and connective beams should receive minimum possible bending moments resulting in minimum demand of concrete for beams. Thus, two separate optimization problems confront each other: search for a minimum volume of beams and search for a minimum quantity of piles. The first optimization problem is equivalent to the minimization of the maximum bending moment in beams. Since the carrying power of a separate pile is known, the second optimization problem can be rendered as the minimization of the maximum reactive force in piles throughout the entire set of piles. Both problems can be incorporated into one utilizing a compromise objective function. The design parameters for both problems are the location of piles. An algorithm for local search was employed for the optimum location of piles beneath a separate beam of the grillage (Belevičius, Valentinavičius 2001 , 2000 and under the whole grillage using an iterative algorithm on the basis of the above mentioned work (Belevičius et al. 2002) . Experience demonstrates that the objective function possesses many local minima points for practical grillage optimization problems. Consequently, local search is certainly not a proper choice, and therefore global optimization algorithms must be utilized. This paper also considers the second problem -the minimization of the maximum reactive force in piles. Since the problem may have several tens of design parameters, the only choice for optimization algorithms is to use stochastic optimization algorithms. Simulated annealing (Groenwold, Hindley 2002 ) and the genetic algorithm (Goldberg 1989) are the most promising algorithms for these problems (Belevičius et al. 2011) .
Thus, we formulate a problem of pile location searching for proper pile positions beneath connective beams. Identical reactive forces for all piles would be an indicator the ideal pile placement scheme is obtained. This is hardly possible, particularly in case when immovable piles prevail in design. Consequently, such piles always retain their positions and do not participate in the optimization process. Some technological constraints may also make an ideal scheme non-achievable, i.e. the distance between adjacent
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Mechanika, medžiagų inžinerija, pramonės inžinerija ir vadyba Mechanics, Material Science, Industrial Engineering and Management ISSN 2029 -2341 print / ISSN 2029 -2252 online 2012 4(6): 564-568 doi:10.3846/mla.2012 piles should not be too small due to the specific capacities of a pile-driver. The current paper does not consider immovable piles and allow for a pile to reserve whichever position in the grillage; however, piles are not typically placed at the joints of the grillage. Bowles (1997) ; Reese et al. (2005) describe exhaustive technical details on grillages.
The following initial data are considered for the problem of grillage optimization:
− cross-section data on all beams (area, moments of inertia); − loading data -active forces can be applied in the form of concentrated loads and moments at any point on the beam or in the form of distributed trapezoidal loadings at any segment of the beam; − maximum allowable reactive force at any pile; − material data of all beams (material in one beam is treated as isotropic); − minimum possible distance between adjacent piles; − positions of immovable piles (if any); − the stiffness of a pile (vertical, rotational); − geometrical scheme for connecting beams; The outcome of optimization includes the required number of piles and the location of such piles.
However, only a few works so far deal with the optimization of foundation schemes. Chan et al. (2009) combine sizing and topology optimization; however piles are aggregated to special groups. Chamoret et al. (2008) analyzed beam optimization problems taking into account the form of the optimal sizing of beams in grillage structures under given boundary and loading conditions.
Mathematical Model of Grillage Optimization
The problem is attractive from a mathematical point of view, because the global solution of the objective function is possible to obtain in advance: it is enough to calculate the ratio of the total active forces and the number of piles. Thus, the quality of the obtained solution is possible to evaluate.
The following single objective optimization problem is formulated as follows:
where G -maximum reactive force in the pile; D -a feasible region of design parameters.; x -design parameters.
In order the value of reactive forces could vary in different piles (in the case the characteristics of piles are different), instead of maximum reactive force, we consider maximum difference between vertical reactive force in the pile and allowable reactive force for the pile:
where a P -allowable reactive force, o i P -reactive force for the i-th pile; a N -number of piles; i t -multipliers enabling to utilize different allowable reactive forces for different piles.
Since piles may be located only beneath connective beams, obvious restrictions on the location of piles emerge: in the course of the optimization process, piles can move only along connective beams. Hence, a two-dimensional beam structure of the grillage is mathematically "unfolded" to a one-dimensional construct, and piles can freely shift their position through this space. The backward transformation restores the location of piles into the two-dimensional beam structure of the grillage.
The article solves a direct problem of identifying maximum reactive force in piles utilizing the finite element method (FEM) and employing a fast and original program written using the Fortran programming language; the program is incorporated within the MatLab optimization environment applying the "black-box" principle depending on the response of which an appropriate pile placement scheme is defined by the optimization program. One design parameter corresponds to one location of the pile in one-dimensional space. Constraints for design parameters are as follows:
where i x -the i-th pile coordinate within one-dimensional space; L -the total length of all beams in the grillage.
When investigating the grillage, connective beams are idealized as beam elements, whilst piles are idealized as supports, i.e. finite element mesh nodes with assigned elastic boundary conditions. Beam elements are comprised of 2 nodes with 6 degrees of freedom each (3 displacements along coordinate axes and 3 rotations about these axes 
The main statics equation that secures the stability constraints of the structure is as follows:
where index a -the ensemble of elements (not shown in the equation below); { } u -nodal displacements and { } F -acti-ve forces. Since nodal displacements are defined, reactive forces for piles can be computed as follows:
Technology
Herein the proposed calculation technology is presented analyzing the optimization problem of 10-pile grillage (Fig. 1) . The technology is composed of two stages: 1. Investigation into the grillage and a solution to a direct problem of computing reactive forces in piles are performed utilizing FEM. It can be implemented applying an original algorithm created using the Fortran programming language. 2. The "Black-box" principle is utilized to integrate the algorithm within the MatLab environment where the optimization problem is solved employing the genetic algorithm.
Fig. 1. 10-pile grillage
At the first stage, the objective function (2) is calculated and at the second stage this function is optimized. In such a case, the technological problem emerges, i.e. to call the Fortran function from the MatLab environment.
Further, one of the algorithms is proposed to solve such problem in practice:
1. It is necessary to create a library in the Fortran environment. The subroutine of the objective function (2) should be included within the library. Therefore, two files -*.dll and *.lib are created; 2. File *.h where the objective function (2) (Fig. 2) . The results of the conducted experiments are presented in Table 1 . The average duration of one experiment is 2 min 30 sec (computer Intel(R) Core(TM)2 Duo CPU T7500 @ 2.20GHz, 984 MB of RAM) . Fig. 4 shows a typical convergence of the objective function (2) average and the best values depending on the number of generation. The results of numerical experiments (Table 1) have revealed the best value of the objective function (2) is 195,1419. A scheme for pile placement that corresponds to the best value of the solution is shown in Fig. 5 . The previous works (Belevičius et al. 2011 ) have demonstrated that the global solution of the objective function is possible to be obtained in advance (considering a similar type of problem); however, the locations of piles (corresponding to such global solution) are to be determined during the optimization process. The global solution for 10-pile grillage is 183,7656. Therefore, the difference between the best obtained value of the objective function (195, 1419) during optimization and the global solution is approx. 6,2%. Hence, the proposed calculation technology is a perspective tool for optimizing small scale grillages.
Conclusions
The proposed technology enables a researcher to potentiate from MatLab opportunities and optimizes objective functions realized utilizing the Fortran programming language. It seems to be very useful particularly in the case, when objective functions are very complicated and enormous time consumption would be required to create similar functions directly within the MatLab environment. Since the best obtained optimization result is very close to the global solution of the problem, this technology can be successfully applied for optimizing small scale grillages.
